We describe a reversed-phase HPLC method for determination of total mycophenolic acid (MPA), its free concentration (MPAf), and the glucuronide metabolite (MPAG), based on simple sample preparation and gradient elution chromatography. The compounds were quantified in parallel by absorbance at 254 nm and 215 nm in the internal standard mode. Linearity was verified up to 50 mg/L for MPA and up to 500 mg/L for MPAG (r >0.999). Detection limits at 215 and 254 nm were, respectively, 0.01 and 0.03 mg/L for MPA, and 0.03 and 0.1 mg/L for MPAG. The recovery of MPA was 95-106%;recovery of MPAG was 96 -106%. The imprecision (CV) for MPA (0.2-25 mg/L) was <8.4% (254 nm) and <4.4% (215 nm) within day (n ‫؍‬ 12) and <9.2% (254 nm) and <6.2% (215 nm) between days (n ‫؍‬ 12). The imprecision for MPAG (10 -250 mg/L) was <4.9% (254 nm) and <3.4% (215 nm) within day, and <6.1% (254 nm) and <5.9% (215 nm) between days. For quantification of MPAf, 100 L of ultrafiltrate was applied directly to the column. The detection limit was 0.005 mg/L at 215 nm and 0.015 mg/L at 254 nm. In the range between 18 -210 g/L, the within-day CVs were <11.8% (n ‫؍‬ 12) and the between-day CVs were <15.8% (n ‫؍‬ 12).
several Penicillium species. Although MPA was originally developed in the 1960s as a potential antibiotic, antineoplastic, and antipsoriatic drug, its immunosuppressant properties and use in transplantation were established only recently (1) (2) (3) . Its immunosuppressant action resides in the noncompetitive, selective and reversible inhibition of inosine monophosphate dehydrogenase, thereby suppressing the de novo synthesis of guanosine nucleotides in T and B lymphocytes. This leads to an arrest of proliferation and function of these cells (4, 5) .
Results from controlled clinical trials with renal transplant patients have shown that the addition of MMF to immunosuppression protocols with cyclosporine and steroids substantially reduces the early acute rejection rate and decreases the need for antirejection therapy while showing a favorable safety profile (6 -8) . However, the full clinical potential of the drug has not yet been realized. The use of MMF in heart, liver, and lung transplantation as well as in autoimmune diseases is not yet sufficiently established (3, 4, 9) . Limited data are available regarding its pharmacokinetic properties in children or after multiple dosage in patients with renal or liver dysfunction. The role of therapeutic drug monitoring to improve the therapeutic efficacy and to minimize adverse side effects is still under investigation (10, 11) .
To address these questions, accurate and sensitive methods are needed to determine the free and total MPA concentrations, as well as the concentration of its glucuronide metabolite (MPAG) in patient blood specimens. Because of the high binding to plasma albumin (Ͼ97%) (12) , free MPA concentration (MPAf) measurement may be a better indicator of total drug exposure. Therefore, a suitably sensitive method with a very low detection limit is required.
Several gas chromatographic (13, 14) and HPLC methods (15) (16) (17) have been developed for the determination of MPA. Previously described methods suffered from several disadvantages, such as a lack of sensitivity and specificity or the need for a large sample volume (13, 14) . To date, only two methods allow the simultaneous measurement of MPA and MPAG (15, 17) . The analysis of MPA and MPAG as described by Tsina et al. (17) is relatively complex. MPA and MPAG are analyzed either sequentially in two separate analytical runs using one HPLC system or in parallel by splitting the extract into two portions and injecting them onto two separate HPLC systems. Alternatively, MPAG has been cleaved enzymatically and MPA determined with and without enzymatic pretreatment of the sample (15) . Compared with the extraction procedure described here, both methods use time-consuming and laborious extraction protocols. The approach described by Tsina et al. (17) can be automated by use of a robotic system, thereby making it more convenient. However, this robotic system is not readily available in every laboratory.
Here, we describe a rapid and reliable reversed-phase HPLC method for the simultaneous determination of MPA and MPAG in plasma, as well as for the determination of the MPAf concentration in plasma water, based on simple sample preparation and gradient elution chromatography. The method has a lower detection limit than previously published procedures. This renders the method particularly suitable for measurement of the MPAf in plasma samples.
Materials and Methods drugs and reagents
MPA, MPAG, and the carboxybutoxy ether of MPA (MPAC) were a gift from Hoffmann-La Roche (GrenzachWyhlen, Germany). Sodium tungstate dihydrate, potassium dihydrogen phosphate, sodium hydroxide, phosphoric acid, and perchloric acid were from Merck. Acetonitrile (HPLC-grade) was obtained from J. T. Baker B.V. Stock solutions of MPA and MPAC in acetonitrile, each at a concentration of 1 g/L, were prepared separately and stored at Ϫ20°C. The MPAG stock solution (5 g/L) was prepared in a solution containing 800 mL/L acetonitrile and 200 mL/L water, and stored at Ϫ20°C.
sample preparation
EDTA-blood was centrifuged at 3000g; plasma was collected and either immediately analyzed or stored at Ϫ20°C until measurement. For determination of the plasma concentrations of MPAG and total MPA, 200 L of the sample (calibration, control, or plasma) and 100 L of acetonitrile containing the internal standard MPAC (15 mg/L) were vortex-mixed in a 1.5-mL polypropylene tube for 5 s. This was followed by the sequential addition of 20 L of 150 g/L perchloric acid and 20 L of 250 g/L sodium tungstate to the tube, with vortex-mixing for 15 s after each addition. The sample was then centrifuged for 5 min at 10 000g, and 50 L of the supernatant was removed for chromatography. The Centrifree ® Micropartition System (Amicon) described by Nowak and Shaw (12) was used to obtain an ultrafiltrate for MPAf determination. Because impurities were found in some batches of the Centrifree filters, all filters were routinely washed immediately before use. The micropartition tubes were soaked in a mixture of 500 mL/L methanol and 500 mL/L water and sonicated for 10 min. They were subsequently flushed with a fresh mixture of 500 mL/L methanol and 500 mL/L water and centrifuged for 20 min at 2000g, leading to the complete accumulation of the flush solution in the collection cups. The flush solution was then discarded, and the cups were carefully dried with a cotton tip. For the ultrafiltration procedure, 300 L of either calibration or control solution or plasma sample was added to the sample reservoir, and the tube was centrifuged for 40 min at 2000g at 20°C, yielding ϳ150 L of ultrafiltrate. The internal standard MPAC (2.5 mg/L) was mixed with the ultrafiltrate at a ratio of 1:10 (by volume), and a 100 L aliquot was then injected directly onto the column.
chromatographic conditions
The HPLC system consisted of a chromatographic pump (M480), an automatic injector (GINA 50), a diode array detector (UVD 340S), a computer interface system controller linked to a PC (Gyncotek) and a 250 mm x 4.6 mm Symmetry-C 18 reversed-phase column (Waters Associates). The column was maintained at 38°C in a column temperature compartment (Du Pont Instruments) to improve separation. The mobile phase consisted of solution A (250 mL of acetonitrile and 750 mL of 20 mmol/L phosphate buffer, pH 3.0) and solution B (700 mL of acetonitrile and 300 mL of 20 mmol/L phosphate buffer, pH 6.5) that formed the following gradient: 0 -4.5 min, 3% B; 4.5-5 min, 30% B; 5-12 min, 30% B; 12-12.5 min, 100% B; 12.5-14.5 min, 100% B; 14.5-15 min, 3% B. The flow rate was 1.2 mL/min, and the compounds were quantified in parallel by absorbance at 254 and 215 nm. The Gyncosoft program, Ver. 5.42 (Gyncotek), was used for recording and calculating the data and also for recording the UV spectra when required. Calculations were made in the internal standard mode, using peak area ratios. Calibration and quality control were performed by use of inhouse prepared solutions that were analyzed with each run. Calibration and control materials for total MPA and MPAG were prepared by adding the analytes to drug-free plasma. MPA was calibrated at a concentration of 3 mg/L; MPAG was calibrated at 200 mg/L. Solutions containing 0.2, 1.0, and 25.0 mg/L MPA and 10, 50, and 250 mg/L MPAG were used for control of those analytes. A proteinfree NaCl (9 g/L) solution adjusted to pH 7.4 with phosphate buffer (67 mmol/L) and to which 0.05 mg/L MPA was added was used for calibration of the MPAf determination. For accuracy control of MPAf measurements, 0.025 and 0.1 mg/L MPA were added to the NaCl solution. The precision of MPAf measurement was established by use of drug-free plasma to which 1 and 5 mg/L MPA were added.
assessment of performance characteristics
The detection limit of the method was calculated using a signal-to-noise ratio of 3. For this purpose, the noise signal of the baseline was obtained from a segment of the chromatogram that preceded each MPA or MPAG peak, respectively. The linearity of the method was established using drug-free plasma with MPA and MPAG added to yield concentrations from 0.04 to 50 mg/L for MPA and 1-500 mg/L for MPAG. Within-run and between-run precision, as well as extraction efficiency, were studied with drug-free plasma to which MPA and MPAG were added to yield final MPA concentrations of 0.2, 1, 5, and 25 mg/L and final MPAG concentrations of 10, 50, and 250 mg/L.
Extraction efficiency was calculated by comparing peak areas obtained from the extracted plasma samples with added MPA or MPAG with peak areas obtained with acetonitrile/water (80:20, by volume) containing the same amounts of MPA and MPAG, which were directly injected onto the column without extraction. To obtain information on the accuracy of the method, including the influence of the plasma protein concentration, the recovery was determined by adding known amounts of MPA (0.2, 1, 5, and 25 mg/L) and MPAG (10, 50, and 250 mg/L) to drug-free plasma pools containing 41, 67, and 91 g/L total protein. The percentage of recovery was calculated by comparing the measured concentrations with the expected concentrations.
Potential chromatographic interference by commonly administered drugs was evaluated by analysis of patient specimens received for routine therapeutic drug monitoring, including transplant patients under immunosuppressive therapy without MMF, human therapeutic drug monitoring quality-control sera (Ciba Corning Diagnostics), and drug-containing methanol standards. In addition, the existence of endogenous chromatographic interferences was evaluated by separate analysis of 60 patient specimens, including transplant recipients without MMF therapy, sent to the laboratory for routine clinical chemical tests.
method comparison
Twenty-five plasma specimens derived from pharmacokinetic studies in renal transplant recipients were used for method comparison with the HPLC procedure that has been used for the acquisition of extensive pharmacokinetic/pharmacodynamic data on MPA and MPAG (17, 18) . Frozen plasma specimens in which MPA and MPAG concentrations had been determined by the method of Tsina et al. (17) at the Philadelphia laboratory were shipped to Gö ttingen. After the samples were thawed, they were analyzed using the new HPLC procedure without prior knowledge of the results from Philadelphia.
statistics
The nonparametric regression procedure of Passing and Bablok (19) was used for comparison of the two HPLC methods (EVAPAK, Ver. 2.08, Boehringer Mannheim). The regression equations are given in Results, together with the 95% confidence intervals for the estimates of slope and intercept in parentheses. The dispersion of the residuals are documented as the 68% median distance. For comparison, the standard deviation of the residuals, S y͉x , calculated using the standard principal component procedure, is also given.
Results
Representative chromatograms of a plasma sample, containing 2.11 mg/L MPA and 102.0 mg/L MPAG, obtained from a patient on MMF therapy immediately before a dose and a sample obtained from a renal transplant patient not on MMF therapy are shown in Fig. 1 . Retention times of MPAG, MPAC, and MPA were 5.7 min (Ϯ 0.4 min), 11.2 min (Ϯ 0.6 min), and 12.7 min (Ϯ 0.6 min), respectively. As depicted, the substances eluted fully baseline-separated as symmetric peaks (Fig. 1) , which facilitated their subsequent quantification. Each chromatographic run was completed within 20 min. With the exception of one case, no interfering endogenous peaks were detected in patient samples. The exception was plasma obtained from a patient who later died, in which unidentified peaks that interfered with the quantification of MPAG were observed. The interferents were presumably produced by a combination of multiple drugs administered and a considerably altered drug metabolism in this individual. The specificity of the assay was further examined by analyzing various drugs that may be potentially administered with MMF ( Table 1) . None of the drugs listed in Table 1 caused any interference under the conditions of the assay described.
The detection limit (signal-to-noise ratio, 3) at 215 nm for plasma samples was 0.01 mg/L for total MPA and 0.03 mg/L for MPAG. The corresponding values for detection at 254 nm were 0.03 mg/L for total MPA and 0.1 mg/L for MPAG. In the case of the MPAf concentration, even lower detection limits of 0.005 mg/L at 215 nm and 0.015 mg/L at 254 nm could be achieved, because of the lower background noise in the chromatograms associated with the use of ultrafiltrates.
The linearity of the assay was verified up to 50 mg/L MPA and up to 500 mg/L MPAG (correlation coefficient Ͼ0.999). Performance characteristics of this method were tested at different concentrations of MPA and MPAG (Table 2 ). In the working ranges for MPA (0.2-25 mg/L) and MPAG (10 -250 mg/L), the extraction efficiency was 56 -59% for MPA and 73-77% for MPAG (n ϭ 3). The extraction efficiency for MPAC was 65% (n ϭ 3). The analytical recovery of MPA was in the range of 95-106%; for MPAG, analytical recovery was 96 -106% (Table 3 ). There were no major differences in the recovery of MPA and MPAG, using plasma specimens with low, normal, and increased total protein concentrations ( Table 3) .
The within-day CVs for measurement of MPAf were 11.8% (at 17.9 g/L) and 6.8% (at 210.1 g/L) at 254 nm and 11.6% (at 18.4 g/L) and 6.5% (at 209.2 g/L) at 215 nm (n ϭ 12). The between-day CVs were 15.8% (at 22.8 g/L) and 7.5% (at 197.2 g/L) at 254 nm and 14.6% (at 23.2 g/L) and 7.2% (200.6 g/L) at 215 nm (n ϭ 12).
Very good agreement ( Fig. 2A) The results obtained using the new HPLC procedure for samples from an international MPA proficiency testing scheme are presented in Table 4 . Excellent agreement was found between the measured MPA concentrations in the samples and the target concentrations.
The applicability of the method was proven by analyzing MPA and MPAG concentrations in Ͼ1500 plasma samples and MPAf in Ͼ600 samples collected from liver and kidney transplant recipients. The concentration-time profile of MPA and MPAG in a pediatric kidney recipient who was treated with 0.6 g/m 2 twice per day MMF and who is participating in an ongoing pharmacokinetic study is shown in Fig. 3 . The determination of MPAf in 305 plasma samples drawn for pharmacokinetic profiles in children after kidney transplantation revealed a median for protein-bound MPA of 98.1% (range, 92.9% to 99.3%). MPAf concentrations below the respective detection limits were observed in 27 of 305 (8.7%) samples at 215 nm and in 38 of 305 (12.6%) at 254 nm.
Discussion
The purpose of the present study was to develop a method for the simultaneous determination of MPA and MPAG within one run and with an analytical sensitivity sufficient to allow the additional measurement of MPAf concentration in plasma water. In contrast to previously published HPLC protocols, these requirements were successfully met with the method presented here. Furthermore, the assay protocol is particularly convenient because of extremely simple sample preparation and no requirement for special equipment. According to our experience, a batch of 25 MPA and MPAG samples can be prepared within 30 min. In combination with an autosampling device, this allows the preparation and analysis of up to 50 samples during 24 h. This seems to be sufficiently rapid, even in laboratories with a high workload. The performance characteristics show that the assay is accurate and reproducible. Our participation in an international MPA proficiency testing scheme revealed a deviation from the target values of Ͻ7%. The method was further validated by comparison with an established HPLC method (17, 18) that has been used to obtain much of the pharmacokinetic data on MPA. Very good agreement was observed between the two methods for both MPA and MPAG. Results with the new HPLC procedure were marginally higher, but the slopes of the regression lines were Ͻ10% from the line of identity. The sensitivity of this procedure allows the quantification of MPAf concentration after separation of the proteinbound MPA, using the ultrafiltration procedure described by Nowak and Shaw (12) . The observation of these authors that binding of MPA to the ultrafiltration system is insignificant was confirmed in the present investigation (data not shown). The sample preparation described with acetonitrile/perchloric acid/sodium tungstate (5:1:1, by volume) leads to an extraction efficiency of Ͼ56% and Ͼ72% with MPA and MPAG, respectively. The efficiency for MPA can be improved by increasing the volume of acetonitrile, with a concomitant decrease in the recovery of MPAG. The conditions described here represent a compromise to extract both MPA and MPAG simultaneously in one extraction step. With a detection limit of 0.03 mg/L at 254 nm and 0.01 mg/L at 215 nm for MPA, the extraction efficiency was sufficient for all plasma specimens investigated thus far. There was no need, therefore, to modify the protocol. Our equipment allowed us to measure the peaks at both 254 and 215 nm in parallel. Analysis of the spectra under our assay conditions revealed three absorption peaks at 215 nm, 251 nm, and 305 nm for MPA, whereas MPAG had three absorption peaks at 215 nm, 251 nm, and 294 nm. Both compounds displayed their absorption maximum at 215 nm. Therefore, it is also possible to follow MPA and MPAG at either 254 nm or 215 nm. The detection at 215 nm was superior to that at 254 nm, which has been used exclusively before. In our experience, measurement at 215 nm not only improved the detection limit and the sensitivity of the method but also the specificity. Because of the lower detection limit, detection at 215 nm is also recommended for determination of MPAf. By changing the gradient conditions to 0 -4 min, 3% B; 4 -4.5 min, 26% B; 4.5-7.5 min, 26% B; 7.5-9 min, 35% B; 9 -14.5 min, 35% B; 14.5-15.5 min, 100% B; 15.5-18 min, 100% B; 18 -18.5 min, 3% B, MMF can also be measured using this method (retention time ϳ10 min; extraction efficiency, 60%; data not shown). In addition, when no MPAG determination is required, MPA alone can be separated using isocratic conditions (mobile phase: 450 mL acetonitrile/550 mL 20 mmol/L phosphate buffer, pH 4.5), a flow rate of 1.2 mL/min, and a chromatography run time of 13 min.
The results show that the presented method is a reliable and convenient procedure for the quantification of plasma concentrations of total and free MPA, as well as of MPAG.
